I. Introduction
Better health may lead to increased interest in education and education could also give rise to opportunities and choices that result in better health. Traditionally, economists have emphasized the second aspect of the relationship between health and education. This paper in contrast focuses on the impacts of health on education and economic growth. Investigating this relationship is especially illuminating in understanding development in Africa, where the HIV/AIDS epidemic has greatly reduced life expectancy.
The objective of this paper is two-fold. First we model theoretically how the HIV/AIDS epidemic, through its effects on the probability of premature death, impacts educational investment and growth. Then we empirically test the implications of our model and quantify the impacts of HIV/AIDS on educational attainment and growth. We develop a three-period overlapping-generation model with learning and technology adoption that links increased mortality and shortened life expectancy to the human capital investment decisions of representative agents. The propositions derived from this model are tested with a series of cross-sectional and panel analyses, explicitly accounting for potential endogeneity by using the instrumental variable approach based on predetermined variables.
In the following, we briefly review recent literature. Then we describe the theoretical model and report the empirical tests of hypotheses suggested by the model. In addition, we examine the effect of HIV/AIDS on life expectancy in African countries using an instrumental variable approach. The final part of the paper is a conclusion that summarizes the policy implications of the analysis.
II. Literature
Most discussions of the relationship between health and education assume that the main direction of causality has been from education to health (Grossman,1973) . For a comprehensive review of empirical findings, see Grossman and Kaestner (1997). Freeman and Miller (2001) expressed surprise at the meagre amount of knowledge about the effects of changes in health status on economic growth.
Only limited research has examined the role of health in economic growth, most of it theoretical. Ehrlich and Lui (1991) develop an overlapping-generations model of endogenous growth in which human capital is the engine of growth and the generations are linked through material and emotional interdependencies within the family. Swanson and Kopecky (1999) studied the effect of increasing life expectancies on human capital accumulation finding that increasing length of life not only encourages individuals to invest in more education prior to entering the work force but also to continue acquiring new knowledge and skills as adult workers. Kalemli-Ozcan, Ryder and Weil (2000) studied the relation between increased life expectancy and human capital investment during periods of economic growth in a continuous time, overlapping-generations model. They find that increasing life expectancies give rise to greater demand for education as well as increased consumption of other goods. Technology is assumed, however, to be stagnant in their model. Bils and Klenow (2000) investigate the empirical correlation between growth and education and suggest that part of the correlation between schooling and growth is accounted for by the effect of growth on education. Kalemli-Ozan (2002) analyzed theoretically the effects of declining mortality rates on fertility, education, and growth. She finds that economic growth is promoted as a result of declining mortality. Canning (2000, 2005) argue that health is a form of human capital and therefore an input into the growth process, as well as an output. They find from their model that, improvements in longevity lower fertility, raise educational investment, and raise the long run growth rate of output. Bell et al. (2006) also examined the effect of an AIDS-type increase in premature adult mortality on the inter-generational transmission of human capital. Based on an over-lapping generation model, they show that an otherwise growing economy could decline to a low-level subsistence equilibrium if hit with an AIDStype increase in premature adult mortality.
There is a growing number of empirical cross-country studies on how HIV/AIDS affects macroeconomic variables. Bloom and Mahal (1997) failed to find that HIV/AIDS was a significant factor in slower growth rates in African countries during the period 1980-1992, when HIV/AIDS was considerably less widespread. In contrast, Bonnel (2000) , using more recent data, found that this single disease resulted in a reduction in per capita growth in Africa of 0.7 percentage points. McDonald and Roberts (2006) estimate a Solow growth model with health and educational capital as well as physical capital and effective labor as explanatory variables. They found substantial impacts of HIV/AIDS on health and growth but did not find educational capital to be significant in their growth rate equation.
In this study, we model a particular mechanism through which HIV/AIDS affects growth rates, namely, the reduction in investments in human capital that is expected to result from lower returns to such investments when life expectancy declines. The theoretical model is a discrete-time, overlapping-generation model in which individuals learn from the previous generation and make schooling investment decisions, knowing that the human capital acquired from educational investments will facilitate technological adoption in a later period.
Our theoretical model departs from the previous work in three important ways. First, we build an extra period into the usual two-period overlapping generation model, which allows us to model the varying probability of premature death in human life cycles and the successive decisions of investing in education when one is young and adopting technologies when one starts to work. This is important for HIV/AIDS as HIV/AIDS tends to affect the life expectancies of children and adults in different ways. Secondly, human capital is twodimensional in the model, reflecting both its quality and ease of adoption. Thirdly, the model includes exogenous technological advances.
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The results show that a higher probability of premature death will reduce investment in human capital. This reduced investment means that economic growth is lower even though the rate of technical innovation is unchanged. We test the implications of the theoretical model in two steps. First, we test whether shorter life expectancy or higher probability of premature death leads to a decline in human capital investment and economic growth with both cross-sectional and panel regressions. In specifying the regression equations, we use health variables from 25 years ago that correspond to the health level when the current generation started to make lifetime human capital investment decisions. This approach also circumvents the potential endogeneity problem that would arise if current health variables are used. Second, we focus on African countries and examine how life expectancy in Africa is affected by the HIV/AIDS pandemic. We use the male circumcision rates compiled by Ahuja, Wendell, and Werker (2007) as instrumental variables to deal with the endogeneity of HIV/AIDS prevalence rates and life expectancy. The results clearly show that a falling life expectancy has significant adverse effects on human capital investment and the economic growth rate. Kim and Lee (1999) analyze the effects of technology change on growth rates of income and human capital. Their model includes two dimensions of human capital, referred to as width and depth. Human capital width represents flexibility, adaptability, and the influence of human capital on the adoption of new technologies. Width determines the adoption cost of a new technology. Human capital depth measures the quality of the human capital stock. They find that an increase in technological uncertainty decreases growth rates of income and human capital by lowering efficiencies both in creating new knowledge and in adopting new technologies. In studying the impacts of health on educational investments, we extend Kim and Lee's model to three periods and introduce the probability of dying prematurely. The extension to a third period can be justified by the likelihood that the probability of death is not constant throughout an individual's life as shown by Kalemi-Ozcan, et al. (2000) . In addition, there is abundant empirical evidence that AIDS results in higher probabilities of dying for young adults who are more sexually active than for other age groups. Hence we build a three-period model to allow for different age-specific probabilities of dying.
III. A Three Period Overlapping Generations Model.
In this model, a representative agent lives at best for three periods, referred to as youthful, adult and mature. When young, the agent divides her time between work and education. As an adult, she allocates her available time to work and technology adoption.
When mature, she devotes all of her time endowment to working.
The agent faces a probability of dying at the end of the 1 st period and 2 nd period, denoted by P Y and P A respectively. The relationship between the two probabilities is
where l denotes life expectancy of the agent, t denotes one period of time, P* denotes the conditional probability of surviving to the end of the second period if the agent doesn't die at the end of first period. Note that if P*=0, the agent lives two periods at most.
A new and advanced technology A is assumed to occur with a probability of p in each period. New technologies may differ in their characteristics. It is assumed that potential technologies can be arrayed along a continuum running from 0 to S and that a new technology might occur with characteristics that place it anywhere on this continuum.
Adult agents may adopt a new technology when a technology shock occurs. An agent may have several 'knowledge points' distributed along the technology space [0, S] . To adopt a new technology, the agent must have a knowledge point located close to the point in [0,S] which characterizes the technological innovation. The more knowledge points an agent has, the more likely it is that the technological innovation will lie close to one of his knowledge points, reducing the cost of adoption.
The initial structure of the agent's human capital consists of two dimensions: width and depth. Width is represented by the number of knowledge points, N, possessed by the agent in the interval [0,S] . The greater the width, the more knowledge points the agent has and the more likely it will be that the technological innovation will be adopted. Depth represents the quality of human capital. It is assumed that the depth of an agent's human capital determines the level of technology that can be adopted. The agent cannot adopt a new technology if it is beyond the depth of her human capital, Q.
An agent is assumed to need time (l A ) to realize the technology adoption: After an adult agent adopts a new technology with a level of quality of Q, the depth or quality of the agent's human capital becomes Q.
where H at is the human capital stock of an adult at time t and Q t is the agent's depth of human capital at period t. It is also assumed that there are spillover effects so that a certain fraction of the technology, once adopted and in use, can also be used by young agents without cost. Therefore, the young agents' specific human capital at time t becomes
where Q denotes the current adult generation's amount of specific human capital and 1 0 ≤ δ < , is the spillover effect.
A youthful agent invests an amount of time l E in education and builds his human capital stock of NQ:
where l E is the time the youthful agent devotes to education and NQ is the human capital owned by the current adult generation. The parameter b captures the efficiency of the elder generation in passing its knowledge to the next cohort. This specification implies that youthful agents accumulate education by spending time in school and paying tuition to the adults if no new technology occurs for the current adult generation to compensate for the instructors' opportunity cost. Here we assume that only the individuals with the highest available depth of human capital in a period can be instructors. 9 The next step is to determine the human capital stock of a mature agent. If the current mature agent adopted technology in his adult period and no new technology occurs during the period when he is mature, his human capital stock defines the highest level of human capital of the society. We therefore assume his human capital to be The representative firm employs youthful, adult and mature workers together. The input is human capital only, and the technology is linear, which implies that the human capital of each of the three generations is a perfect substitute for that of the others:
where y t is the total output of the economy at period t, H yt is the human capital possessed by the young generation at period t, H at and H mt are that of the adult and mature generations respectively. A representative young agent's maximization problem on the width and depth of her human capital is:
where U is lifetime expected utility, which depends on consumption in the three periods, respectively denoted by c yt , c at and c mt . The solutions from the above equation for Q and N are given by (see Appendix 1 for details):
, and z* is the equilibrium ratio of depth to width given the characteristic space of the innovation that has occurred. It is a constant between [0.42, 0.2] and it declines as k increases.
The comparative static results are:
In equilibrium, N, Q and income grow at the same rate. In this economy, only adults adopt new technology, therefore, all growth in production comes from the current adults' human capital stock compared with their human capital stock in the youthful period. The equilibrium is a balanced growth path. In particular, 1 N Q y g N y Q = = = + , where g is the growth rate with technological advance, i.e., the income growth of an adult (relative to his youth) if he adopts a new technology. From Equation (5), the education time of young agents is
. Putting this expression into the first-order conditions of the maximization problem, we have
It is easy to see that the growth rate increases with the probability of surviving the youthful period (1-P y ) and with the conditional probability of living through the three periods if one survives the youthful period P*. The expected growth rate of output is,
The expected adoption time is therefore:
Since (1-z*) increases with the conditional probability of living to the mature period if the individual survives the youthful period (P*) then the adoption time increases with the increases in probability of technological advance (p), the probability of surviving the youthful period (1-P y ) and the conditional probability of living through the three periods if one survives the youthful period (P*). Thus the growth rate of income decreases as the probability of premature dying increases. Equation (14) and equation (10) provide the main theoretical implications of this model:
1. The income growth rate increases with higher life expectancy. Therefore, there can be persistently different growth paths for countries with different life expectancies, even if the occurrence of technological progress is the same for all the countries. This dimension of the relationship between health, human capital investments and growth may be more significant in places such as Sub-Saharan Africa where the HIV/AIDS pandemic may lead to severe reductions in life expectancy.
2. Adoption time increases with the increases in the probability of technological advance, the probability of surviving the youthful period, and the conditional probability of living through the three periods if one survives the youthful period. Therefore the growth rate of income decreases as the probability of premature dying increases, establishing the main result of this paper. Note that the immediate effect of an epidemic or a persistent war that drastically shortens people's life expectancy is to reduce income due to loss of labor. These effects are not discussed in the model. Rather, our results show that in long-run equilibrium, slower growth results from a reduction in individual investments in human capital due to a shorter life span.
III. Empirical Analysis
The empirical section of this study is relevant to the broader literature on the impact of health on education and income. At the macroeconomic level, it is not clear whether causality runs from health to increased wealth, the reverse, or in both directions. Although many believe that improving health leads to increased wealth and economic growth (e.g. World Health
Organization, 2001; Bloom and Canning, 2005; Weil, 2005) , Acemoglu and Johnson (2006) suggest that improving health may have a negative impact on GDP per capita because increased life expectancies lead to larger total populations and lower per capita income unless the population growth is matched by per capita productivity increases. This study also contributes to an understanding of one of the prominent debates in the literature on the economic impacts of the HIV/AIDS pandemic. On one hand, HIV/AIDS reduces the current human capital stock because it predominantly affects adults and, as we will argue, it also decreases the incentives for the young to invest in human capital, thereby decreasing income.
On the other hand, the pandemic might increase income per capita through positive pressure on wages (Young, 2005) . 13 The theoretical section stresses a channel largely ignored by previous research through which HIV/AIDS or other epidemics could affect growth. We showed in a threeperiod overlapping-generations general-equilibrium model that a decrease in life expectancy will result in a reduction in human capital investment and consequently a lower growth rate.
It is worth noting that although we are especially interested in understanding the consequences of the HIV/AIDS epidemic for income growth in Sub-Saharan Africa, the implications of our theoretical model go beyond HIV/AIDS extending to other health conditions or even political conditions that may lower life expectancy significantly in a population or in a sub-population. Moreover, the existence of such a channel does not necessarily mean that we will find statistically significant effects of HIV/AIDS on growth or Barro and Lee (2000) . In Table 1 we list the source of each of the variables used in the regressions. Male circumcision rates compiled by Ahuja, Wendell, and Werker (2007) are used as instruments to establish the link between HIV and general health. The specific countries included in each of the regressions are listed in Table 7 .
(1) Impact of Health on Education Attainment
The theoretical model is based on the distinction between human capital depth and width. There are no empirical measures of these dimensions of human capital so this analysis relies on more broadly defined human capital measures, such as years of education (Barro and Lee, 2000) . The number of years of education could be taken to represent human capital depth. One of the behavioral relationships from the model described above (equation (A9) in appendix) establishes that the time an agent devotes to education and technology adoption is negatively related to her probability of dying prematurely.
We specify the following panel regression to examine the effect of the probability of premature death on educational attainment: 1985, 1990, 1995 and 1999, and it Educ is the same variable 25 years ealier, or roughly one generation earlier, in the year 1960, 1965,1970, and 1975. log( ) it Health is the logarithm of the country's health indicator 25 years earlier. We adopt three alternative health indicators, namely, infant mortality rate, life expectancy at birth and crude death rate. i X is a vector of country specific covariates that can affect education, including the logarithm of GDP per capita 25 years earlier, the interaction term between it and the health indicator, and measures of openness and investment 25 years earlier. The inclusion of these covariates controls for initial differences among the countries, other than the initial level of education that will affect the efficiency of the younger generation's learning process. i C is the country-specific fixed effect used to control for time-invariant country-specific heterogeneity, such as geography, climate and culture. In effect, the country fixed effects and country-specific covariates are proxies for the parameter b in the theoretical specification.
The regression results are reported in Table 2 . The results are consistent with the hypothesis that the probability of premature death, as reflected by the infant mortality rate, the crude death rate and life expectancy at birth, has a highly significant negative impact on human capital investment. Although the signs are the same as the cross-sectional results, the magnitudes of the coefficient estimates in the panel regressions are larger.
(2) Health impact on income growth
The theoretical model indicates that an increase in the probability of premature death will slow income growth through its effects on human capital investment. In this section we examine whether and to what degree the income growth rate is affected by health. The estimated equation does not provide direct evidence related to the hypothesis because we are not able to isolate the effect of health on income growth solely through its impact on human capital investments. Rather, this exercise will capture the net effect of health on income growth, whether through human capital investment or through other channels. Both crosssectional and panel data regressions of the various health indicators on the GDP per capita growth rate were estimated.
Similar to the regression of educational attainment on health, the dependent variables are the logarithm of the per capita GDP growth rate during the periods 1960-1985, 1965-1990, 1970-1995, 1975-2000, and 1980-2005 . The explanatory variables are the same as in the regressions for educational attainment. Specifically, the independent variables are the logarithms of the three health measures, the logarithms of GDP per capita in constant 2000 dollars, and the logarithms of the net secondary enrollment rate from the World Bank 2 for the years 1960, 1965, 1970, 1975 and 2000 . We use country fixed effects to control for country-specific heterogeneity. Table 3 shows the results. The growth rates are negatively correlated with initial GDP per capita, and also initial education levels. A plausible explanation for this is that the growth rates of high-income economies are slower than those of lower-income countries because of convergence. There is also the possibility of simultaneous equations bias as education and income might be simultaneously determined.
Using initial education and initial income as controls, the results show that the healthier countries are growing faster than countries with poorer health. Specifically, a one percent increase in the infant mortality rate or the crude death rate at the beginning of the period reduces the growth rate of income by about a half percentage point. In summary, we have found empirical evidence using panel regressions that initial health contributes significantly to the growth rate of income in subsequent periods. This indirectly supports the theory, as established in equation (14) that an increase in the probability of premature death leads to slower income growth due to a reduction in incentives for human capital investments. expectancy and HIV prevalence rates, it does not identify causality, or the direction of causality. More specifically, we have to deal with potential endogeneity or reverse causality problems in our investigation of HIV/AIDS effects on health outcomes. Reverse causality arises when the causality flows from health outcomes to HIV/AIDS prevalence, and endogeneity arises when health outcomes and HIV/AIDS prevalence rates move together due to a third variable, such as income.
[ Figure 1 inserted here]
To address these two indentification issues, we adopt an instrumental variable approach. A valid instrumental variable should be correlated with the HIV/AIDS prevalence, but uncorrelated with unobservable variables. Such a valid instrument overcomes the endogeneity issue by isolating the variation in HIV/AIDS prevalence rates due to exogenous variation in the instrumental variable. We follow Ahuja, Wendell and Werker (2007) and use male circumcision rates as our instrumental variables.
To explore the relation between life expectancy in Sub-Saharan Africa and the incidence of HIV/AIDS, we use panel data for 38 African countries in the years 1980, 1985, 1990, 1995, 2000 and 2004 Uganda (Gray et al. 2007 ). In fact, the World Health Organization and UNAIDS recommended that an important strategy for the prevention of heterogsexually acquired HIV is to promote male circumcision rates (UNAIDS/WHO 2007). Male circumcision rate exhibited a high degree of variation across countries in the Africa, and the variation seems to be associated with religious, linguistic and cultural differences across these countries. Breirova (2002) also uses circumcision rates as instruments to examine the impact of AIDS on education in Kenya.
In order to show that male circumcision is a valid instrument, one still has to determine that it is uncorrelated with the error term in the regression that might cause HIV prevalence and health outcomes to move together. Although it is not possible to check whether male circumcision rates are correlated with all possible omitted variables, we can check whether they are correlated with some of the most important omitted variables which are generally considered as preconditions for country level health, such as initial income, initial health status, and initial education at country level.
We plot out these important economic preconditions against male circumcision rate as compiled by Ahuja, Wendell and Werker (2007) From these plots, there is no obvious correlation between these initial economic and health preconditions and male circumcision rates. Therefore, we conclude that the male circumcision rate can serve as a valid instrument in the regression equation (16). Table 5 In conclusion, we have linked HIV/AIDS prevalence with educational outcomes and GDP growth in two steps 4 . We first showed that variables representing the probability of premature death have negative impacts on human capital investment as well as GDP growth using panel evidence. Then we established the link between the HIV/AIDS pandemic and life expectancy with instrumented regressions. The message is clear: HIV/AIDS leads to lower life expectancy or higher probability of premature death and lower life expectancy means that people are less likely to invest in human capital with the result that the country ends up with less human capital and slower economic growth in the long run.
IV. Conclusions
The empirical results reported in the preceding section are consistent with the analytical results derived from the overlapping-generations model. While it would be interesting to estimate an empirical model that more directly measures the impact of HIV/AIDS on economic growth, the lag between the effects of the disease on growth and the incidence as reflected in current data make it impossible to estimate meaningful relationships.
Nevertheless, the analysis does provide substantial evidence that falling life expectancies in Africa as a result of the HIV/AIDS pandemic, as well as the widespread incidence of other diseases, is leading to reduced investments in human capital formation which in turn results in lower human capital stocks and slower growth. The implications of this result are extremely serious. If the spread of HIV/AIDS and other diseases leads to less economic growth in African countries, there will be fewer resources in these countries for use in combating the diseases. Through the mechanisms identified in this paper, as well as the more obvious connections between disease and economic growth, a vicious cycle could develop in which disease slows growth reducing the ability to control the disease, which becomes more widespread slowing growth even further.
The Fund's programs as well as of other programs targeted at these devastating diseases are critical if the vicious cycle described above is to be short-circuited. The nature of HIV/AIDS is such that it is very important to undertake effective preventive programs as soon as possible in order to avert an explosion of cases in coming years. Reducing the incidence of these diseases and raising life expectancies are clearly ends in themselves. But, in addition, increased life expectancy has the instrumental value of providing incentives for greater investments in the human capital that contributes significantly to economic growth and human well-being. 
Education
Average schooling years in the total population over 25 Barro & Lee (2000) Net secondary enrollment rate (% children of secondary school age that are currently enrolled in secondary school) WDI (2008)
Health
Crude death rate (number of deaths per 1,000 population /1,000) WDI (2008) Life expectancy at birth (years) WDI (2008) Infant mortality rate (number of deaths per 1,000 live birth/1,000) WDI ( Notes: The numbers shown are means of the variables for each regression. Log ( ρ ρ = + + + + Where U is the lifetime expected utility, which depends on consumption of three periods, respectively denoted by c yt , c at and c ot. N is the width of human capital, or the number of knowledge points possessed by the individual through schooling and Q is the depth of human capital. ρ is the discount rate the agent faces. The consumption of each period depends on whether technology has occurred in the adult period, and whether the agent survives each period.
if he survives and technology occurs. The adoption cost, measured by adoption time, A l , is assumed to be proportional to the distance between the occurring technology and the nearest knowledge point owned by the individual and the depth of technical innovation he adopts. The mature agent enjoys higher consumption if she adopts technology in her adult period than otherwise. In other words, the spillover effect is assumed to be relatively small. The specifications imply that the level of the human capital of the current adults in the society determine the level of the human capital stock.
Where p denotes the probability of technological advance, S stands for the scope of technological space where the technology occurs randomly following a uniform distribution.
The expected utility of the mature agent is the probability of living to the mature period multiplied by the sum of the expected utility under the different scenarios when technical change occurs or doesn't occur in his adult period or mature period, that is: z is a linear function of the ratio of depth to width. Note that k=0 if P* =0, and k increases as P* increases given the discount rate, where P* is the conditional probability of surviving up to three periods if the agent survives the young period. Hence k can be interpreted as a time value coefficient of future consumption under uncertainty of life expectancy. Equation (A6) thus shows a relationship between the probability of premature death and the optimal depth-width ratio of human capital investment. When k=0, the equation is z z log ) 1 ( 2 / 3 = − , as found by Kim and Lee (1999) . The addition of a positive k is the result of adding a third period into the model. Since aSQ/2N is by definition not zero, 1 ≠ z . It is easy to see that for each definite value of k in [0,1], there exists a unique solution for z between (0,1) that satisfies equation (A6) since the left hand side can be depicted as a straight line through (1,0) and (0, 3+k/2) and the right hand side is a usual log curve through (1,0).
An analytical solution of equation (A6) is not available since it is non-linear. Using simple computer simulation (EXCEL), we can solve for z. Let z* be the equilibrium z that satisfies equation (A6). Then, z* gives the equilibrium ratio of depth to width given the characteristic space of the innovation that has occurred. The simulation shows that z* declines as k increases, and z* is between [0.421, 0.2]. Therefore, as P* increases, i.e., as one is more likely to have a longer life, the optimal ratio of depth to width of human capital acquisition increases. The result is expected since in the mature period, the agent is assumed to adopt no technology at all. We would expect a different result if the agent adopts new technology when mature. 
